This paper present a design approach to predict the shear capacity of reinforced concrete (RC) beams strengthened with fiber reinforced polymer (FRP) laminates/rods applied according to the near surface mounted (NSM) technique.
Introduction
The prediction of the shear capacity of reinforced concrete (RC) beams is a challenging task because shear mobilizes several complex resisting mechanisms such as: i) shear resistance assured by the uncracked concrete in the compression zone; ii) interface shear transfer by aggregate interlocking in the cracked concrete; and iii) dowel action of the longitudinal reinforcement (Bellamkonda 2013) . There are two prominent approaches that have been used to predict the shear strength of RC beams with and without shear reinforcement: Truss Model (TM) and Modified
Compression Field Theory (MCFT).
Truss model (TM) is based on the following two assumptions: 1) the diagonal compression struts, before and after concrete cracking are inclined at an angle of 45 degrees to the longitudinal axis of the RC member; 2) the concrete tensile strength is negligible. Hence, the truss model predicts conservative values for the ultimate shear strength of the RC elements (Blanksvärd 2009) . ACI (2011) and EuroCode2 (2001) are based on the truss model. In ACI, the inclination of the concrete crack is assumed 45 degrees but does not neglect the tension in the concrete, while the EuroCode2 neglects the tension but suggests a range of angle values for the shear crack inclination (21.8 and 45 degrees).
The Modified Compression Field Theory (MCFT) was developed by Vecchio and Collins (Vecchio and Collins 1986) by taking into account the resisting contribution of cracked RC member in tension. By applying this theory for the prediction of the shear strength of 102 panels tested experimentally, an average predictive level of 1.01 (ratio between experimental and model results), with a coefficient of variation (COV) of 12.2%, was obtained (Bentz et al. 2006) . Nevertheless, solving the equations of the MCFT to evaluate shear capacity of a RC member requires an iterative procedure and the knowledge of a relatively high number of parameters, which introduces extra difficulties in the designer perspective. AASHTO LRFD (2014) is based on MCFT model. Bentz et al. (2006) proposed a simplified approach of the MCFT (SMCFT) method. In this model, the shear strength of a section is a function of two parameters: the tensile stress factor in the cracked concrete (  ), and the inclination of the diagonal compressive stress in the web of the section (  ). In spite of the simple format of the equations for  and  , the method provides excellent predictions of shear strength of RC beams. By adopting the SMCFT, an average ratio of experimental to predicted shear strength of 1.11, with a COV of 13.0%, was obtained when applied to 102 RC specimens tested experimentally (Bentz et al. 2006) .
Recently, Bianco et al. (2010) suggested a new formulation to predict the contribution of near surface mounted (NSM) carbon fiber reinforced polymer (CFRP) laminates/rods for the shear strengthening of RC beams. NSM technique with CFRP laminate/rod is an effective strengthening technique for the shear strengthening of RC beams. According to this technique, slits are opened on the concrete cover of the beam's lateral faces, filled with an adhesive (in general of epoxy type), and CFRP laminate/rods are inserted into these slits Nanni 2001, Barros and Dias 2010) . This technique requires no surface preparation, and after opening the slits on the lateral concrete cover, minimum installation time is required (Barros and Dias 2010).
One of the input parameters in Bianco et al. approach is the inclination of the critical diagonal crack (CDC),  .
However, due to lack of an appropriate approach to predict the  , this model gives conservative estimates of the shear strength contribution of NSM systems. This model was applied to an experimental program formed by 72 RC beams, and an average ratio of the predictions versus the experimental values of 0.69, with a COV of 42%, was obtained (Bianco et al. 2014) .
In the present paper a new model is presented to predict the shear capacity of typical RC building beams shear strengthened with FRP laminates/rods applied according to the NSM technique (where crack spacing less than 300 mm is expected to occur). The new technique is based on the SMCFT and Bianco et al. formulations. To assess the relative importance of each input parameter that affects the shear capacity of RC beams strengthened with FRP, the tensile stress factor in cracked concrete (  ), and the inclination of the diagonal compressive stress in the web of the section (  ), a sensitivity analysis is carried out. Based on the results, equations for obtaining  and  without recurring to any iterative procedure were derived.
To assess the predictive performance of the proposed analytical formulation (Baghi, Barros, and Bianco (BBB) ), a database (DB) composed of 112 experimental results of RC beams shear strengthened with NSM FRP systems was set from published literature. The performance of the BBB is appraised using the collected data registered in the DB.
The proposed model (BBB)
A new shear design approach is developed to predict the shear capacity of RC beams shear strengthened with FRP laminates/rods applied according to the NSM technique. The new approach is based on the SMCFT and considers the relevant features of the interaction between NSM FRP laminates/rods and surrounding concrete, like debond and concrete fracture (Baghi 2015) . The new model is based on combining the formulation of NSM technique, suggested by Bianco et al. (Bianco et al. 2014) , with the simplified MCFT, to which it is attributed the acronym BBB. According to the BBB model, the shear capacity of a NSM-FRP shear strengthened RC element is obtained from the following equation:
where v is the shear stress and is assumed to be constant over the cross section, thus 
. Bianco et al. (2014) proposed a 3D mechanical model to predict the shear strength contribution of NSM CFRP laminates/rods. The mode of failure of an NSM FRP laminate/rod subjected to an imposed end slip can be categorized into four groups: debonding, tensile rupture of laminate, concrete semi-pyramid tensile fracture, and a mixed shallow semi-pyramid plus debonding failure mode (Fig. 1e) .
During the loading process of a RC beam, when the concrete average tensile strength is attained at the bottom part of the web, some shear cracks originate, and successively progress towards the flange of the beam. These cracks can generate a single crack, Critical Diagonal Crack (CDC), with inclination of  with respect to the beam longitudinal axis (Fig. 1a) . At load step n t , the two web parts become separated by the CDC and they start moving apart by rotating around the crack tip (point E in Fig. 1a) . From that step, by increasing the applied load, the CDC opening angle   n t  progressively widens. The laminates that bridge the CDC offer resistance to its widening. The load imposed to the laminate, in consequence of the loaded end slip ( Li  ) evolution, is transferred by bond to the concrete surrounding the laminate along its effective bond length, fi L that is the shorter length between the two parts into which the crack divides its actual length. The following paragraphs introduce the formulation of this approach:
Step 1: Determine the average available resisting bond length ( 
,int cot cot
Step 2: Evaluation of various constants ( Fig. 1c and 1d 
2) Mechanical constants: 
Step 3: Determine the reduction factor of the initial average available resisting bond length ( ), and equivalent value of the average resisting bond length ( eq Rfi L ):
The average resistance bond length is determined from:
where:
with:
representing the concrete average tensile strength above which concrete fracture does not occur, where:
Step 4: Determine the value of imposed slip in correspondence of which the maximum force transmissible by 
Step 5 
Step 6: Determine the shear strength contribution provided by a system of NSM-FRP reinforcements: 
Sensitivity analysis
Sensitivity analysis means to evaluate model output dependence (shear capacity of RC beams with and without strengthening system, Eq. (1)) on the values adopted for the input parameters ( w h ,
. Sensitive analysis can be useful for a range of purposes, such as: i) model simplification; ii) searching for errors in a model; and iii) uncertainty reduction (Saltelli et al. 2008 ).
There are two approaches to execute sensitivity analysis. The first approach is local sensitivity analysis, which is efficient for simple cost function. Local sensitivity analysis evaluates the model output by varying one input parameter in each running keeping the other parameters fixed. In this model the influence of the interactions between parameters on the cost function is neglected (MathWorks 2015) . This type of analysis is not an appropriate approach for the BBB due to the iterative nature and complexity of this model. The other approach is the global sensitivity analysis (Monte Carlo analysis) (MathWorks 2015) , where the output is evaluated by varying all the input parameters simultaneously (Gilman et al. 1998 ).
The Monte Carlo method, also called Monte Carlo analysis, is a process of running a model numerous times with a random selection of each input parameter simultaneously. There are always some errors involved with this technique, but this error can be decreased by increasing the number of random samples. Thanks to the continuous advance of computer processors, this approach is becoming quite attractive for determining the most influencing parameters in engineering models, and how they interact.
A sensitivity analysis was carried out to assess the relative importance of each input parameter on the shear capacity of the NSM-FRP shear strengthened RC beams (Eq. (1)) in order to figure out what are the input parameters that most affect the result. Based on the previous work (Bianco et al. 2014) , all of the input parameters were characterized by a uniform probability distribution, which means a range of possible values with the same likelihood of occurrence (Table   1) .
For sensitivity analysis, Eq.
(1) was implemented in a spreadsheet that is re-calculated two hundred thirty thousand times, each time with a set of random new possible values of the input parameters. The number of samples (230000) was adopted after some preliminary study to reduce the computational time and error simultaneously.
The dimensionless r parameter, coefficient correlation, is used to measure the influence of each input parameter on the output variable (Eq. (1),  , and  ) (Fig. 3 ). The r is obtained from the following equation:
where n is the number of the samples, 
where () i fx is the value of the adopted function (surface or line) ( i x ).
ii) R-square, is a number that indicates how well data fits a statistical model (Eq. 25), this statistic can take any value between 0 and 1, where a value equal to 1 indicates that the regression line fits perfectly the data;
where y is the mean value of
iii) Root Mean Squared Error (RMSE), is an estimate of the standard deviation of the random component in the data (Eq. 27); an RMSE value closer to 0 indicates of tight fit of the model to the data. As mentioned, the shear strength of a concrete section is a function of  and 
. As shown in Fig. 5 for more than 230000 generated samples with Monte Carlo simulation, these two parameters are interdependent (Bentz et al. 2006; Baghi 2015) . In the present work this interdependence is assumed, and Eq. (28) 
The SSE, R-square, and RMSE for this fitted curve are 155000, 0.9714, and 0.8354, respectively. In Fig. 4 The DB contains values from experiments performed on 90 beams with T cross section, and 22 beams with rectangular cross section (Fig. 6a) . From 112 beams, 87 beams are shear strengthened by CFRP laminate/rod (Fig. 6b) . From the 87 beams, 31 are shear strengthened with CFRP rods, and the remaining by CFRP laminates (Fig. 6c ). All the collected data are reported in Table 5 .
The beams tested by Dias and Barros (2008; 2010; 2013) were of type T cross section with the same shear span to effective depth ratio (2.5), CFRP laminates, and epoxy adhesive. These beams differed on the amount of existing still stirrups ( The angle  is assumed equal to 28.5° for all the experimental programs. To define the local bond stress-slip relationship, the following values are assumed: 0   20.1 MPa; 1   7.12 mm (Bianco et al. 2014) . When CFRP rods are used, the equivalent square cross-section is adopted in the calculations (Bianco et al. 2014 Collins (2001) , where a penalty (PEN) is assigned to each range of λ parameter according to Table 3 , and total of penalties (Total PEN) determines the performance of each analytical approach.
According to the results included in Table 4 , the predictive performance of BBB model is better than SBBB, since the former approach has a large number of predictions in the appropriate safety interval according to the DPC (Table 3) 
Conclusion
In this paper, a global sensitivity analysis (Monte Carlo simulation) was carried out for deriving, from known data, the equation to determine the values for two crucial parameters of the simplified modified compression field theory (SMCFT) used to estimate the shear capacity of reinforced concrete (RC) beams, namely, the tensile stress factor in cracked concrete (  ), and the inclination of the diagonal compressive stress in the web of the section ( ) . These equations were integrated into the SMCFT, which was coupled with an already published analytical formulation to derive a new approach (designated by SBBB) for the prediction of the shear capacity of RC beams shear strengthened with the near surface mounted (NSM) technique using fiber reinforcement polymer (FRP) systems.
Based on an extensive literature review regarding the shear strengthening of RC beams with FRP systems applied according to the NSM technique, a comprehensive database was assembled containing experimental results of 112 beams.
By evaluating the ratio between the experimental results and the analytical predictions (
, an average value of 1.14, with a COV 13.1% and 87% of safe estimations were obtained by using the SBBB. The developed approach is simple of using, quite convenient for design practice, and, conceptually, it can be extended to other FRPbased shear strengthening techniques, like the externally bonded reinforcement (EBR) and the embedded through section (ETS). BBB Approach:
Step 1: Assume a value for x  .
Step 2: Calculate the crack spacing based on Eq. (4).
Step 3: Calculate  (Eq. (2)) and  (Eq. (3)).
Step 4: Calculate the shear strength based on Eq. (1).
Step 5: Calculate the longitudinal strain (Eq. (5) This procedure solution for the 2S-4LI45-I beam is presented in Table 6 .
SBBB Approach:
Step 1: Calculate s  and s  according to Eqs. (23) and (28), respectively.
Step 2: Calculate the shear strength based on Eq.
(1).
This procedure solution for the 2S-4LI45-I beam is presented in Table 7 . The inclination of the shear crack in the 2S-4LI45-I beam is presented in Fig. 11 , that shows the BBB and SBBB can predict the crack inclination in reasonable accuracy.
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